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Towards resolving the Rare Earth Crisis: Acquiring
thermodynamic data required for modelling of the
formation of Th-bearing monazites.

Geoscience: Emerging Ideas R&D Project

A.Migdissov and H.Nisbet (EES-14)
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Part 1. Natural transport and fractionation of REE: insights for
resolving the REE crisis.

A. Migdissov

- Periodic Table of the Elements Fm&

s China: controls 97% of the global REE market

R : : e 2006: China enforced quotas for the ,,

"'::w_:u Ce | Pr| Nd|Pm|Sm| Eu|Gd| Tb | Dy| Ho| Er |Tm| Yo I.u> export Of REE \ Sl 'Eammmm o

e e
2011: DOE “Critical
materials strategy” '“
report released 1 ° o
2013: DOE 2014: USGS

“Critical materials
institute” hub was
created based on the
Ames Lab (EERE, AM)

Mineral Resources
report “The Rare-
Earth Elements -

: : : . Vital to Modern
hybrid vehicles, rechargeable batteries, wind Technologies and

turbines, cell phones, flat screen display panels, Lifestyles”

compact fluorescent light bulbs, laptop

computers, disk drives, catalytic converters — -
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Sources of the crisis

- 1EFA Rare Earth rroriding qua
L8 s
= - LIGHT RARE EARTH .
o }... METALS Last Price  Units
e s . % - " Lanthanum metal = 99% 0.0 7.00 US$/kg
- . 9 * Lanthanum Oxide > 99.5% 0.0 2.00 Sk
. - % [ Yoe Cerium metal > 99% 0.0 7.00 USS/kg
g e Cerium Oxide 299.5% 0.0 200  USS/ke
} t"‘- ~ '. 1\\ Praseodymium metal > 99% 0.0 85.00 US$/kg
S 203 Praseodymium Oxide > 99.5% 0.0 52.00 US$/kg
R o T Neodymmum metal > 99.5% 0.0 60.00 USS$/ke
gl Neodymium Oxide > 99.5% 0.0 42.00 USS$/kg
:...:% Samarmum metal = 99.9% 0.0 7.00 US$/kg
— q HEAVY RARE EARTH . .
Legend o~ '&“ 3 l' METALS SRS S
@ Known deposit of REEs e "w Europium Oxide > 99.99% 0.0 150.00 USS$/kg
R — o Rt Gadolmmm metal 99.9% 0.0 55.00 US$/kg
8 iaciiiiaitaiis % -3 Gadolmmum Oxide > 99.5% 0.0 32.00 US$/kg
o ' K Terbium metal > 99.9% 0.0 550.00 US$/kg
Terbmum Oxide > 99.5% 0.0 400.00 USS$/kg
. . . o Dysprosium metal > 99% 0.0 350.00 US$/kg
Mountain Pass, California : 16.7 million Dysprosium Oxide > 99.5% 0.0 230.00  US$/kg
tons at 7.98 wt% REO Erbium metal > 99.9% 0.0 95.00 USS$/ke
P T Erbmum Oxide > 99.5% 0.0 34.00 US$/kg
Bear Lodgi, Wyoming: 24.2 million tons Yitrium metal > 99.9% 0.0 35.00 1Sk
at 2.74 wt% REO Yttrium Oxide > 99.99% 0.0 6.00 US$/kg
Strange Lake, Labrador—Québec, Scandium metal 99.9% 0.0 15.000.00  USS$/kg

Canada: 57 million tons at 0.92 wt% REO
Nechalacho (Thor lake), Northwest
Territories, Canada, 110 million tons at
1.59 wt% REO

Scandium Oxide > 99.95% 0.0 4.200.00 USS/kg
Mischmetal > 99% 0.0 6.00 US$/kg

Hydrochloric Acid, Technical: $77.00/2.5 |
Sodium hydroxide, Technical: $43.34/ 5|
Sulfuric Acid, Technical: $92.04/ 2.5 |
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Potential way toward resolving the crisis:

= LREE, HREE, U, and Th occur together, but are getting separated in
natural ore-forming processes

= Nature does not use expensive reagents to do it —temperature only :
separation of LREE, HREE, U, and Th occurs during hydrothermal
alteration of REE-bearing rocks.

s Understanding of the mechanisms responsible for this separation will
permit:
 To locate new ore bodies (or parts of known ore bodies), which are Th,U — depleted
and HREE enriched

* To develop hydrothermal-based post-mining treatment of ore, which will selectively
extract HREE, without mobilizing cheap LREE and radioactive U and Th
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Existing thermodynamic models of ore formation:
stability of chloride complexes

NaCl — the main component of solutions from which REE ores have been
formed (10 to 40 wt%)

4 1'\
o a
51e” B
BT L e = Stability of aqueous chloride
o 25 e L R complexes of REE (along
sn € =5, i—'—-:—lk\*"'----.@ .
E = P the REE group):
1. 8 gs00c 4 0 T
a « Very similar at ambient
0.3 T T T T T T T T T T T T T T 1
La Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu temperatures
55+
B
504 @
5] . 8 e e g S » At elevated temperatures
%:ga——o ~— ot I LREE are much more
20 2 - -
o ] ° = e o i I -
2 301 A%_?: /j??-‘:‘;:ﬂm ?,_a—q\ mobllle than HREE in Cl
. bearing solutions
1.5 4
1.0

La Ce Pr Nd Pm Sm Eu Gd Th Dy Ho Er Tm ¥b Lu
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Existing thermodynamic models: stability of fluoride
complexes

200 °C
. . . . nditions -.i;. .1_||L-.'_;'0|7|' llll.‘l\__g@[lﬁ_ﬁ] X
fluoride — typical for ore-forming solutions dNdFg | WO
E : T
(up to thousands of ppm) 3
L=} iNd{ﬂH;f
99 log Brl ~log ﬂmw;. - log ﬂm—.r.h -loga, 250 °( " Na©OH) T - . --Nﬁum:
84 - S— L St j-.l-'-l.li oC . 1 2 3 4 5 8 s 10
A Sy a1 ]:_-—f_— —— 0o}B | . _Selid ~300°C
p T g, i 50 {__ Al 2 ] HF Solid
e & o—g _ ———3 s By _
S 6| e—0—0—o ;‘.‘1% o MRS 41 R0 | i Nd(OH)s
B ® S ___:_: _:_ o910 9,,C E s N O a2 NA(OH)
51— 80 %9 o oo S s NG
150 °C i R
3 14 Nd(O! !r;"—l__;/l : I\
1 2 3 4 5 6 T 8 9 10
: L : : : : L : " " ' ! ! ' ! ' 0 ] L CU | 400°C
La Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu 2 3 HE &5@)%@ N@F@ E-
© Migdisovetal. (2009) & Haasetal,(1995) B Luoand Millero, (2004) P —— Solid
E &= FNae \-.\Q" 1° = MO
Similarly to chloride species, at elevated T fluoride complexes 8 s e T
of LREE are much more stable than these of HREE 4 - /‘“’ N,
12 ] Nd(OH)2 ’___....-—--- R
453 / “.

However, extremely low solubility of solid REE fluorides precludes ar;Hyhow
significant transport of REE in F-bearing solutions
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Existing thermodynamic models: properties of solid

log Ks

log Ks

24 =
I35 =
-28
30 -
e e
-34 =
36 -
.38
-40
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220
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-22
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b 7.
-25
-26

phases
REEPO,= REE3*+ PO43* A
- @ 150 °C °
~0—0—0—0—0 —0——0——0

350 °C

.\.—Q—Q—.—V“.‘“ﬂ——._‘.

Ja
/._. .,._0—0—0—-"‘""‘"‘

la Ce Pr Nd 5m Eu Gd Tb Dy Ho Er Tm Yb
= 3+ 5 B
REEF ;= REE3* + 3F il e

250°C o _@—g—0
o0 o ® e

leZ

la Ce Pr Nd 5m Eu Gd Tb Dy Ho Er Tm Yb
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Solubility of main ore-forming minerals:

Solubility of phosphate end-
members (monazite and xenotime)
does not change with atomic
number independently of
temperature

Solubility of fluorides (fluocerite) is
significantly higher for HREE than
for LREE (independently on T)

Solubility of fluorocarbonates
(bastnaesite) — no data available
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Existing thermodynamic models: separation of REE in
natural processes

In acidic solutions (no data is available for non-acidic
carbonate-bearing solutions) REE can fractionate:

 In course of mobilization (dissolution) of REE due to
differences in mobility of HREE and LREE at elevated T in
Cl-bearing aqueous solutions

* In course of deposition of REE from aqueous solution, if

deposition occurs in the form of fluorides - due to differences
in the solubilities of HREEF; and LREEF,.
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Existing thermodynamic models: separation of REE in
natural processes

1.4E-03 - B wave 10

A

NS,
7

450 440 430 390

M
=)

0.0E+00

I g \
@
=3
X
L]
W
REE phosphate redeposited, mol
f=y (=] co
TIIE

14e03 7 ¢ wave 70

*’ La

Starting conditions:
* Fluid — 10 wt% NaCl, pH=2.5, 100 e
f h of the REE 2\

ppm of each of the :‘*'\
350

* Rock — chemically inert rock >
containing 3 wt% of Ca-phosphate T
(apatite)

REE phosphate redeposited, mol
o
(=1
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Existing thermodynamic models: separation of REE in
natural processes

4.0E04 - _’
wave 1 A

3se04 4 flow

A

3.0E04 - La

E =
1]
=
+
i
REE fluoride deposited, mol
M
a2 A
= [=]
£ =

450 400 350 300 250 200

E 1.0E-03

Starting conditions: g e

* Fluid — 10 wt% NaSO,, pH=2.5, 100 : S

ppm of each of the REE 2 =

* Rock — chemically inert rock B2
containing 3 wt% of Ca-fluoride waei0 bl LA Lt

T°C

(fluorite)
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Existing thermodynamic models: conclusions

We understand how REE can be separated in acidic Cl-bearing
hydrothermal solutions. However,

* No data is available on the behavior of Th and U in such
systems — experimental data need to be collected for the
stability of Cl, OH, and F aqueous complexes of these
metals, and on the stability/solubility of Th-U-REE-bearing
solid phases

 No data is available on the behavior of U, Th, and REE in
carbonate-bearing systems at elevated temperatures
« Crucial! — Large proportion of REE-bearing systems
are associated with carbonates
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Emerging ldeas CSES R&D Project

The ultimate goal of this project is to expand the model currently available for the
processes controlling hydrothermal separation of LREE from HREE to REE-Th-bearing

and REE-U-bearing systems

Project team:

» LANL:

« Migdissov — experimental determination of thermodynamic properties of
aqueous species at high T,P (solubility autoclave experiments, spectroscopy)

« Xu — experimental determination of thermodynamic properties of solids and
solid solutions (calorimetry, spectroscopy)

» McGill University, Canada:

« van Hinsberg — experimental determination of trace-level incorporation of
elements in mineral structure (solid-melt experiments, solubility experiments)

« Williams-Jones — natural resources, ore-forming REE-bearing systems (field
studies, solubility experiments)

» Student:

* Nisbet — post-bac student, will start MSc at McGill in January 2018 with van
Hinsberg and Williams-Jones, works at LANL since May 2017
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Emerging ldeas CSES R&D Project

Objectives at the current stage:

» To develop experimental technique and to determine thermodynamic stability of Th-
bearing aqueous species in hydrothermal solutions responsible for transport and
separation of REE in natural systems (chloride, hydroxyl; sulfate — to be continued with
LDRD-DR) (LANL: Migdissov, Nisbet)

« To develop the technique of synthesis of Th-bearing monazites for determination of its
thermodynamic properties at the following stages of the project (LANL: Xu, Guo,
Nisbet)

Objectives at the following stages of the project (LDRD-DR):

» To determine thermodynamic properties of Th-bearing monazite solid solutions for a
wide range of Th concentrations (from wt% to ppm’s level) by solubility and calorimetry
techniques (LANL: high Th monazites: Migdissov, Xu, Guo, Nisbet; McGill: Low Th
monazites van Hinsberg, Williams-Jones, Nisbet)

« To expand the earlier developed thermodynamic model to REE-Th-bearing systems
and to prove this model by case studies at natural objects (Migdissov, Xu, Guo, van
Hinsberg, Williams-Jones, Nisbet)
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Part 2. Experimental determination of thermodynamic

properties of Thorium
H. Nisbet

Project Significance:

« Ultimately, our goal is to incorporate Th into models already developed for rare earths

* In order to do this, we need to understand how thorium behaves in aqueous solution
at elevated temperature

The main goal of my current project is to determine thermodynamic properties
of thorium species in Cl-bearing solutions at elevated temperatures

Thorium and Chloride? Counterintuitive?
Th is known to not complex with Cl at low Temperature

* Clis an important ligand in REE ore-forming hydrothermal systems (up to 40 wt.%)
« U4% was recently found to complex with Cl at temperatures above 200°C
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Previous Studies

« At ambient temperature, Th doesn’t have any affinity to chloride
* In contrast to chloride, thorium has a lot of affinity to hydroxyl
* Moreover, it is known to form polynuclear complexes with hydroxyl
« Whether these polynuclear species predominate is under debate
« We have reason to believe polynuclear species are de-stabilized at high
temperature (Seward et al, 2014) (though we can not prove it)

I=05-06M(18-25°C) 100 .
- rTTT 8 Th{OH)?
- =3 4
A NaCIO,, solution B g 3
0 [89MOC] ] >
3k B [S40ST/IBRU] — - 7
_ -
, ) 60k 4
4L o |97, _ o NaCl solution - °
= 27301000 S gqrmLRA 2 L |
5L 1 . =]
= ] [2002NEC/MUL] 2 ol i
=~ 5 ® Solubility a0
B r © Titration-LIBD v L -
Tr ] S 10
\ A : o
-3 L [ ‘U o o¥ = [ T 2 n
A tgi & - B e "l l" g 0 !
-9+ v v : L N 2 4 6 8
-10 L N N N P R BRI B | pH
3 4 5 6 7 8 9 10 11 12 13 Fig. 3. Distribution of thorium-hydroxy complexes vs pH at 25°C with ZTh = 0.0t ppb in pure water.

Langmuir, D. (1980)
B OECD, NEA (2008)
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Immediate Goals

The main goal: to determine thermodynamic properties of thorium species
in Cl-bearing solutions at elevated temperatures

How?
« By the autoclave solubility method

At what conditions?

 Initially, at 25-250°C

« Saturated Water Pressure (SWP)
« Later, higher Tand P

UNCLASSIFIED

« Los Alamos

NATIONAL LABORATORY

Operated by Los Alamos National Security, LLC for the U.S. Department of Energy's NNSA




Method

Autoclave Solubility Experiments

Before heating
solution does
not contact
with solids

(=
Re)
3

o

n
&

10
=

NaCl solution

Before heating

At experimental T °

heating

Temperatures:
150, 175, 200, 225, 250°C

Pressure:
SWP

Solutions:
0.25 to 3.5 M NaCl
pH(25°C) 1.5 to 3.5 (HCI)

Reference Solid:
ThO,
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Equipment:

Titanium autoclaves
Teflon reactors w/
stopper

Quartz tubes w/ ThO,
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Method

Unattended Operation

Jydrothormal Experiment o Propess
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Method

Calibrations and Calculations

* Measured pH using calibrated pH electrode

* Added 1ml of sulfuric acid to solutions in order to
remove possible precipitation that may have occurred
during quenching

+ Samples analyzed by ICP-MS at the Geochemical and
Geomaterials Research Laboratory (GGRL) at LANL
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Preliminary results

Log m (Th)

+ +
150°C ThO, + 2H" & Th(OH),?2
0
ThO, + 2H,0 < Th(OH),
- e01C 28 150°C
35 -3.5
4.5 45 — Th(OH),?*?
N \\\ *
5.5 € .55 o Th(OH),°?
E y = -2.5326x + 1.1554 __\_\_:__,: _______ 4;3___'
6.5 . S t_:______} _____ 30-6_5 LA 4 *
.
* V'S .
75 -7.5
85 -8.5
95 -9.5
0.8 03 0.2 0.7 2 25 3 35 4
Log m NacCl pH
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Preliminary results

+ +
200°C ThO, + 2H < Th(0H),?
ThO, + 2H,0 © Th(OH),°
-3 -35
200°C o
4 200°C
45
-5
5.5
_° = *_Th(OH)2* ?
E 7 V'S b-65 ‘\\\'
£ 5 AN Th(OH),°%
S TTe T T T e R e 3 y = -1.479x - 1.8942 _:*\:’ ““““ H---
3 . 75 h
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Preliminary results

Log m (Th)
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Preliminary results

250°C ThO,+ 2H' & Th(OH),2"
ThO, + 2H,0 < Th(OH),°

45 -3
250°C o
5 . 250°C
55 5
~ 4+r)
= 6 —~-6 Y S
= . * . =
Eep | —mmmmqmm———- B Z A < 2 Th(OH),2* ?
= * =4, ) . 2
6.5 . . £, 4.6876x + 6.2642 P . Th(OH),°
B e Y
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7.5 9
_8-04 0.2 0 0.2 0.4 06 s
: : : : ' 2.2 24 2.6 2.8 3 3.2 34 3.6 38
log m NaCl pH
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Comparing with previous studies 150°C
35
45 _ Th(OH),>?
E . Tt Th(OH)e 2
E°% y=asumet 1554‘:‘::;\7 :g,(, j:; .
g 55 TR ) LS
ThO,(cr) +4 H' 75
s 4+
=Th* +2 H,0 s .
-2 o5 200°C
2 25 45
-3 P
r?.d--\ 55
g -4 £ < _Th(OH),? ?
e ':.7'3 . L
S 5 5 . Th(OH)%
ey ] ’s y=-1.479 - 1.8942 "‘_,_\ ________
= -6 7 <
2
E -7 ThO,(s) + 2 H,0 = Th(OH),(aq) 5
—r o
N U - N . U I L Pl
= -8 %c"n EO owm B‘ | 3 4 45 5 5.5
g o ...‘.JT.....F’,..‘?.Q..‘?.QE’.C.).? ..................... 225°C
-4
E -10 O ThO;(am) 18°C [9] .
= " ThO:(er) 18°C [9] i ~o
; -11 o ThOs(am) 21°C [10] Es g Th(OH)??
> 2 & ThO:(am) 23°C [11] £ S
2 4 ThO:(am ==cr) 90°C [11] 87 =~ Th(OH)®
= 3 % ThO:(er) 23 and 90°C [11] y=-1.8919x - 04145 _‘:.T; _ ThORS
E e ThO:(cr) 95°C [12] 8
g -14 « ThO:(cr) 25°C [13) o
54—t N e maximum (all: 0. 1m NaClQs) 3
) — logig*K 5,0°(s) = 9.9, log*B4° = -18.4 10 250°C
-16 ..... minimum 21 26 31 -4
__logio*K ;0°(cr) = 1.8, logio*B 4° = -18.4 5
-17 } f } . y\ The*
1 2 3 4 5 6 7 8 9 10 11 12 13 E S Th(OH)2" 2
pH £, =-4.6876¢ + 6.2642 "~ \.2 Th(OH),®
Fig. 2 The enigma of ThO, solubility: Data derived from the solubility of crystalline ThO, at low pH cannot . § = -2.5373 + 0.3153 = ¥
describe ThOz(s) solubility above pH 6 when using independent Th(DH)4(aq} formation data (question mark). Vice
versa, measured solubilities in alkaline solutions do not point back to the behavior of ThO,(cr) at acidic conditions 9 =
(exclamation mark). o
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Preliminary Data Analysis

* No dependence on NaCl concentrations was observed

« Solubility of Th oxide determined in our experiments is
1 to 2 orders of magnitude greater than that
determined at 25 °C

* We are not in the position to derive stability constants

yet:
 Potential hydrolysis of ThO, —-Th(OH),° in solid? pH slopes
are identical:

ThO,+ H' +H,0 = Th(OH);"  Th(OH)4 + H = Th(OH)3 +

+ H,0
Need to do XRD
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Preliminary Conclusions

= Considering that:

— Chloride complexes were not detected
— Speciation is controlled by hydroxyl complexes

* |n acidic Cl-bearing natural hydrothermal solutions,
behavior of Th likely has different controls
compared to the REE
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Moving Forward

 Investigation of Th-sulfate (carbonate) speciation by
similar experimental solubility method

» Synthesis of Th incorporated in solid phase
(monazite) for further solubility experiments
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